Abstract This paper focuses on the application of plasma as wireless antenna. In order to reveal the radiation characteristics of column plasma antenna, we chose the finite-difference timedomain (FDTD) numerical analysis method to simulate radiation impedance and efficiencies of each channel for a few sets of plasma densities and plasma collision frequencies. Simulation results demonstrate that a plasma antenna shares similar characteristics with a metallic antenna in radiation impedance and efficiency of each channel when an appropriate setting is adopted. Unlike a metallic antenna, a plasma antenna is capable of realizing such functions as dynamic reconfiguration, digital control and dual-channel communication. Thus it is possible to carry out dual-channel communication by plasma antenna, indicating a new path for modern intelligent communication.
Introduction
Despite numerous studies around the world which have focused on column plasma antenna driven by a surface wave, few attempts have been made to understand if and how column plasma could contribute to intelligent communication. Previous studies [1−5] have revealed that a plasma antenna possesses the characteristic of dynamic reconfiguration, a characteristic which a metallic antenna is incapable of. In order to assess if and how dual-channel communication could be delivered by a plasma antenna, we examine the radiation impedance and efficiencies of plasma antenna, and explore the possibility of dual-channel communication by configuring a column plasma antenna. We chose the finite-difference time-domain (FDTD) numerical simulation method to study the radiation impedance and efficiencies of each channel of plasma antenna. The result from the simulation is encouraging and promising.
2 Dual-channel communication of column plasma antenna Fig. 1 is the prototype of dual-channel column plasma antenna driven by a surface wave.
There are two signal coupling rings being added to the column plasma system for the above device. Every signal coupling ring has a working signal channel as its counterpart. In actual operation, a dynamic equilibrium state of plasma will be achieved, meaning that all particles' dynamic ionization and recombination are random and "orderless". Due to the "orderless" characteristic of plasma, there is no interference when an excited signal and other loaded signals propagate. Due to the lack of electrical connection between any two signal coupling rings, we could ignore the impact of mutual coupling. In summary, each signal channel could operate independently, making dual-channel mode communication possible and practical by column plasma antenna. 
Radiation performance
Thanks to the available superior computation speed and capability, we can choose FDTD to assess electromagnetic pulse's propagation and reflection through complex media. Furthermore, FDTD may help us to obtain more precise figures when it is used to calculate the parameters of plasma antenna. In the past, it has been used by Maloney et al. [6] to simulate the radiation pattern, and help the analysis of the far-field radiation of column metallic antenna. Based on the model formulated by Maloney et al., we assess the plasma antenna's characteristic of dispersion, where FDTD could be a very useful method to calculate and analyze the radiation performance of plasma antenna. In our simulation, the FDTD calculation model is used to simulate the radiation impedance and efficiencies of each channel of column plasma antenna driven by a wave.
Computation model

Numerical algorithm
The column FDTD method under axial symmetry [7] was adopted in our research. The plasma antenna is vertical to the infinite plane coordinate, and the excitation Gaussian pulsating and sinusoid of each channel voltage is applied. An image plane from a 50 Ω coaxial transmission line has been fed through by the FDTD geometry of plasma antenna, as indicated by Fig. 2 . The length of the plasma antenna is 0.4 m and the pressure of the antenna is less than 100 Pa. The inside radius of coaxial line is b, the outside radius of coaxial line is c, c/b=2.30 was set to match coaxial line's 50 Ω characteristic impedance and the FDTD calculation space was divided into 200×200 Yee cells. Aiming to achieve a more precise simulation result, every Yee cell nearby plasma antenna and inside coaxial line has been divided into sub grids with a space length of ∆r1 = ∆z1=2.5 mm, while the other Yee cells have a length of ∆r2 ≈ 10∆r1, ∆z2 ≈ 10∆z1. Furthermore, a five-layer perfectly matched layer [8] absorbing boundary was chosen to simulate the infinite space. In order to meet the requirement of the Curant-Friedrichs-Levy precondition of the cylinder system, c∆ ≤ ∆r 2 ∆z 2 /(∆r 2 /∆z 2 ), we set the calculation time step as ∆t ≈ ∆z/(2c). We found that the density of the plasma driven by the surface wave is heterogeneously distributed during experiments. In computation, Bessel-like radial and average axial distributions were used.
FDTD equation
For the electromagnetic field, we set two variables: electric and magnetic field strength E and H, which are both produced by signal source S at the liner area where the plasma operates. We could linearly accumulate the electromagnetic fields produced by each signal source S = S 1 + S 2 . However these electromagnetic fields are independent and thus do not interfere with each other, all individual signals can propagate independently. Therefore,
During collision with the non-magnetic cold plasma, Maxwell equations and relevant simultaneous equations are obeyed in the propagation of the signal. In the following equations, ν is the collision frequency of the plasma. The mathematical expression of E and J in the frequency domain is:
According to JEC-FDTD method [9] , the second order iterative formula of current density J and electronic field strength E can be acquired as:
where, ω pe is the circular frequency of plasma, ω pe = n e e 2 mε 0 . According to the division of the zone grid, we can obtain:
From the equation set of Eqs. (2)- (6), we can compute the distribution of the electromagnetic field inside the plasma for each signal source S i . As to the computation of the nearby electromagnetic field, we just need to set the current density distribution J to 0 in Eqs. (4) and (5).
Computation of radiation impedance and efficiency
The feed point voltage V (t) and current I(t) on the coaxialline of each channel of antenna S i are:
The radiation impedance is derived from:
where V A (ω) and I A (ω) can be expressed by the Fourier transform of Eqs. (5) and (6), respectively. The equation of radiation efficiency for each channel is as follows:
sin(θ)dθdφ are respectively the input power and radiation power for the antenna's corresponding channel, E F (ω,θ,φ) is the Fourier transform of far-field electric field with θ and φ angles and η 0 is the characteristic impedance of the vacuum. Fig. 3 shows the radiation efficiency as a function of the plasma density (represented by the plasma frequency f pe ), i.e. it is depicted for f pe =3 GHz, 5 GHz and 9 GHz, respectively. The collision frequency is taken as ν e =150 MHz and each channel's signal frequency f ranges from 75 MHz to 1 GHz. From Fig. 3(a) we can see that the radiation efficiency of the plasma antenna increases and approaches that of the metal antenna as the plasma density increases. Fig. 3(b) shows the impact of collision frequencies on the radiation efficiency of the plasma antenna, i.e. efficiency curves are depicted for ν e =150 MHz, 500 MHz, 1000 MHz, 1500 MHz with f pe =5 GHz. We can see that the interaction between the electromagnetic wave and the plasma is mainly collisional absorption; the higher the collision frequency the more the energy is absorbed from the electromagnetic wave and consequently the lower the radiation efficiency. Fig. 4 shows the input impedance of the plasma antenna and metallic antenna, while signal frequency ranges from 75 MHz to 600 MHz, collision frequency ν e =150 MHz, 500 MHz, 1000 MHz, 1500 MHz. From  Fig. 4 we can observe that the resonance characteristic of the plasma antenna is hardly affected by the collision frequency. However, a lower collision frequency corresponds to a higher Q value. Because of the existence of such a dynamic characteristic, we can modify the Q value of the antenna by adjusting the collision frequency, and consequently we can adjust the broadband characteristic of the plasma antenna. Fig. 5 shows the input impedance of the plasma antenna and metallic antenna, where each channel's signal frequency f ranges from 75 MHz to 600 MHz, collision frequency ν e =150 MHz, plasma density f pe = 3 GHz, 5 GHz, 9 GHz. From Fig. 5 we can see that with the increase of plasma density the impedance characteristic of the plasma antenna approaches that of the metallic antenna. Nonetheless, a slight shift of impedance towards the left indicates the occurrence of a decrease in resonance frequency of the plasma, and an increase in the electric length of the plasma antenna, demonstrating a characteristic of electronically small antenna. The lower the plasma density, the higher the sensitivity towards input impedance, i.e. the higher the Q value. 
Numerical computation result
Conclusion
This work utilized the FDTD method to simulate the radiation characteristic of dual-channel plasma antenna excited by a surface wave. The simulation result shows that the radiation characteristic of column plasma antenna is significantly impacted by plasma frequency and collision frequency. The dynamic reconfiguration of input impedance and the broadband characteristic of column plasma antenna can be achieved by adjusting plasma parameters. Under the precondition of compromising the efficiencies to a certain extent, wireless broadband characteristics can be obtained by selecting certain fixed plasma parameters. For practical applications, by selecting appropriate plasma parameters and dual-channel operation modes, a plasma antenna appears to be more advantageous than a metallic antenna.
